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PURIFICATION OF PHOSPHOENOLPYRUVATE 
CARBOXYLASE AND CHARACTERIZATION OF 
CHANGES IN OLIGOMERIZATION USING HPLC 

Griffin H. Walker, Maurice S. B. Ku, 
and Gerald E. Edwards 

Department of Botany 
Washington State University 

Pullman, Washington 991 64-4230 

ABSTRACT 

Maize l e a f  phosphoenolpyruvate carboxylase and i t s  subuni ts were 
chromatographed and ex tens ive ly  p u r i f i e d  from crude preparat ions o f  the  
enzyme on a B io -S i l  TSK 400 column. 
adsorpt ion t o  the column o r  l oss  o f  enzymatic a c t i v i t y .  
was d issoc ia ted  i n t o  i t s  dimers and monomers when t rea ted  w i t h  the  t h i o l  
oxidant diamide a t  pH 6.8 and 8.4. 
approximately twice as f a s t  a t  pH 8.4 than a t  pH 6.8. 
a c e r t a i n  amount o f  dimer s t i l l  remained and could on l y  be f u r t h e r  
d issoc ia ted  by heating. 

The enzyme (tetramer) showed no 
The tetramer complex 

Under e i t h e r  cond i t i on  
The e f f e c t s  o f  diamide were 

INTRODUCTION 
Phosphoenol pyruvate carboxyl ase (PEPC) i s  w ide ly  d i s t r i b u t e d  throughout 

higher p l a n t  species. 
f o r  photosynthesis s ince i t  i s  the  f i r s t  comnit ted step f o r  C02 f i x a t i o n .  

I n  both C4 and CAM p lan ts ,  PEPC i s  an essent ia l  enzyme 

Abbreviations: 
p lan ts  = p lan ts  which have the C4 d ica rboxy l i c  a c i d  pathway o f  
photosynthesis; MW = molecular weight; DTT = d i t h i o t h r e i t o l ;  MOPS-KOH = 

3-(N-morphol ino)-propanesul fonic ac id  bu f fe r  w i t h  pH adjusted w i t h  potassium 
hydroxide; SDS = sodium dodecylsul fate;  t r i c i n e  = N - E - ( h y d r o x y m e t h y l )  
methyl g lycine; T r i s  = =-(hydroxymethyl )-aminomethane. 

CAM = p lan ts  which have Crassulacean a c i d  metabolism; C4 
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862 WALKER, KU, AND EDWARDS 

Evidence from several sources show t h a t  PEPC i s  ol igomeric,  w i t h  the  
tetramer being approximately 400 kD (1). Where examined us ing  SDS ge l  
electrophoresis,  the monomer from maize has a MW o f  about 100 kD. It i s  
uncer ta in  whether the  monomer, dimer and tetramer a re  a l l  a c t i v e  and, i f  so, 
whether there are di f ferences i n  the  k i n e t i c  p roper t i es  o f  t he  d i f f e r e n t  
molecular forms. 
through dissociation/association are  o f t e n  c o l d  l a b i l e ,  d issoc ia ted  by 
d i l u t i o n  and have narrow ranges o f  pH s t a b i l i t y  (2, 3). It has been shown 
t h a t  PEPC from maize i s  co ld  l a b i l e  (4, 5 )  and more s tab le  a t  lower pH (6).  
I n  a recent study by Karabourniot is e t  a l .  (7). the  a c t i v i t y  o f  PEPC was 
higher when extracted from C4 p lan ts  i n  the l i g h t  than i n  the  dark. The 
mechanism o f  t h i s  e f f e c t  i s  no t  known, nor i s  i t  known i f  the  enzyme 
undergoes changes i n  assoc ia t ion /d issoc ia t ion  o r  conformation. 

charac ter iz ing  the enzyme a c t i v i t y  as i t  may r e l a t e  t o  changes i n  
assoc ia t ion /d issoc ia t ion  and photoperiod. 
t h i s  type t h a t  rap id  i so la t i on ,  p u r i f i c a t i o n  and assay methods be used. 

examine i t s  molecular forms under varying cond i t ions  o f  t h i o l  group 
ox ida t ion .  This system uses h igh  performance s i z e  exc lus ion  chromatography 
(HPSEC) o f  amnonium s u l f a t e  p rec ip i t a tes  of the  enzyme. A medium was 
developed f o r  e l u t i o n  o f  t he  p r o t e i n  i n  an a c t i v e  form by us ing  a combination 
o f  g lycero l  and a c e t o n i t r i l e  which may have general app l i ca t i on  f o r  studying 
p ro te ins  us ing  HPLC. I n  add i t ion ,  we show phys ica l  d i f fe rences  between the 
sub-units wi th respect t o  hydrophobic i ty and charge a t  d i f f e r e n t  pH values 
due t o  i n te rac t i ons  o f  the  sub-uni ts w i t h  the  TSK column's matr ix.  

Enzymes t h a t  do e x h i b i t  changes i n  k i n e t i c  p roper t i es  

I n  our studies on PEPC from maize we have been p r i m a r i l y  i n te res ted  i n  

It i s  necessary f o r  s tud ies  of 

We describe here a f a s t  method o f  p u r i f i c a t i o n  o f  PEPC from maize and 

EXPERIMENTAL 
P1 an t  Mate r i  a 1 

was used f o r  p ro te in  i s o l a t i o n  when 2-3 weeks old.  
Pro te in  Ex t rac t  i on  and P a r t i a l  P u r i f i c a t i o n  

Uedan and Sugiyama ( 4 ) .  w i t h  minor mod i f i ca t ions .  The g r ind ing  medium, and 
subsequent media contained 25 mM MOPS-KOH (pH 6.8) i n  place o f  Tris-HC1. 
A f t e r  the f i n a l  70% amnonium s u l f a t e  p rec ip i t a t i on ,  a p o r t i o n  o f  t he  p e l l e t  
was desal ted on a Sephadex 6-25 column e q u i l i b r a t e d  w i t h  10 mM MOPS-KOH (pH 
6.8) and 5 mM DTT. The Sephadex 6-25 e lua te  was app l i ed  t o  a DEAE-cellulose 
column equ i l i b ra ted  w i t h  the  above bu f fe r .  The column was f i r s t  washed wi th 
bu f fe red  80 mM KCl ,  and the  PEPC f r a c t i o n s  were c o l l e c t e d  us lng  120 mH KCI.  

Maize p lan ts  were grown as prev ious ly  descr ibed (8). Young l e a f  t i ssue  

Ex t rac t ion  o f  PEPC from maize leaves was according t o  the  method used by 
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PHOSPHOENOLPYRUVATE CARBOXYLASE 863 

The f rac t ions  were co l l ec ted  and p rec ip i t a ted  i n  70% ammonium sulphate. 

A t  t h i s  stage, the  PEPC i s  s t i l l  n o t  f r e e  from o the r  p ro te ins .  These 
p ro te ins  were e l im ina ted  by c o l l e c t i n g  the  400 kD f r a c t i o n s  from a Bio-Rad 
B io -S i l  TSK 400 HPLC s i z e  exclusion column, and p u r i f i e d  PEPC s to red  as 70% 

anon ium s u l f a t e  p rec ip i t a te .  F ina l  p u r i t y  o f  the  f r a c t i o n s  was tes ted  by 
gel  e l  ec t rophoresi  s. 
Enzyme assay 

by monitor ing NADH ox ida t i on  a t  340 nm and coup l ing  the  PEPC reac t i on  w i t h  
ma l ic  dehydrogenase. The standard 3 m l  assay medium contained 25 mM T r i c i n e  
(pH 8.3), 5 mM MgC12, 0.2 mM NADH, 10 mM NaHC03, 2 u n i t s  ma l ic  dehydrogenase, 
4 mM PEP and PEPC (10 ug o f  p ro te in ) .  Determinat ion o f  p r o t e i n  was performed 
using the  Bradford method (9 )  w i t h  BSA as standards. 
HPLC Analysis 

guard column were used f o r  t he  HPLC ana lys is  and p r o t e i n  p u r i f i c a t i o n ,  us ing  
a thermosta t ica l l y  c o n t r o l l e d  water j acke t  a t  21OC. For p u r i f i c a t i o n ,  the  
PEPC prepara t ion  was recyc led  through the  column a t o t a l  o f  th ree  times t o  
improve separat ion o f  t he  i n d i v i d u a l  p ro te in .  

The B io-S i l  TSK-type column was c a l i b r a t e d  by chromatography p r o t e i n  
standards (Sigma) and by p l o t t i n g  the  l o g  MU o f  each standard aga ins t  i t s  
re ten t i on  time. Thyroglobin (MU 660,000), f e r r i t i n  (MW 450,000). !-amylase 
(MU 220.000), a lcohol  dehydrogenase (MU 140,000), hexokinase (MW 104,000) and 
BSA (MW 132,000 f o r  dimer and 66,000 f o r  monomer) were used. The column was 
equ i l i b ra ted  w i t h  the  p re fe r red  mobi le phase o f  10 mM sodium phosphate pH 
6.8. This mobi le phase was used throughout these inves t i ga t i ons  w i t h  
add i t i ons  noted i n  the  appropr ia te  f i g u r e  legends. The PEPC p r o t e i n  and 
p r o t e i n  standards were chromatographed a t  21OC us ing  the  i s o c r a t i c  10 mM 
phosphate mobile phase (pH 6.8). w i t h  the  i nd i ca ted  mod i f i ca t ions ,  a t  a f l ow  
r a t e  o f  36 ml/h. 

model 160 uv de tec tor  us ing  a z inc  lamp and a 214 nm f i l t e r .  
were recorded using a L inear  s t r i p  cha r t  recorder a t  1 cm/min. 

PEP carboxylase a c t i v i t y  was determined spectrophotometr ical  l y  a t  27°C 

A Bio-Rad B io-S i l  400 TSK s i z e  exc lus ion  column (300 x 7.5 mn) and TSK 

The column was at tached t o  a Shimadzu LC-4A chromatograph and Beckman 
Chromatograms 

RESULTS 
The p ro te in  standards and a t y p i c a l  c a l i b r a t i o n  curve are  shown i n  

Figure 1. 
small quan t i t i es  o f  crude ex t rac ts  o f  PEPC, rou t i ne  ana lys is  a t  214 nm was 
used. 

Since de tec t ion  l i m i t s  may become a problem when working w i t h  

Pro te in  ca l cu la t i ons  were based on the  assumption t h a t  a t  t h i s  
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r------ 

8 8 10 11 12 13 
Ve (ml) 

Figure 1. 

MW i s  p l o t t e d  versus the e l u t i o n  volume (Ve). Mobi le phase was 10 mM sodium 

phosphate buffer (pH 6.8),  f low r a t e  0.6 ml/min. 

up i n  mobile phase (1 mg/ml ) .  AF, apo fe r r i t i n ;  AMY,fi-amylase; ADH, 

alcoholdehydrogenase; BSA, bovine serum albumin; PEPC, PEPcarboxylase; T, 

tetramer; D. dimer; M, monomer. 

Ca l i b ra t i on  p l o t  of p r o t e i n  MW using the TSK 400 column. Log o f  

P ro te in  standards were made 

I n j e c t i o n  volumes were 50 u l .  
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PHOSPHOENOLPYRUVATE CARBOXYLASE 865 

wavelength, a b s o r p t i v i t i e s  of a l l  species were s i m i l a r  (10). Thus, 
a b s o r p t i v i t y  changes i n  the  d i f f e r e n t  molecular forms o f  the  enzyme a t  214 nm 
were used t o  assess t h e i r  r e l a t i v e  l e v e l s  under vary ing  cond i t ions .  

mobile phase, the tetrameric,  d imeric and monomeric forms o f  PEPC d i d  no t  
e l u t e  according t o  t h e i r  respec t ive  molecular weights (when a standard 
c a l i b r a t i o n  was used a t  a given i o n i c  s t rength  o f  (NH4)2S04). This s t rong ly  
suggested t h a t  there were non-ideal s i z e  exc lus ion  f a c t o r s  (n-SEC) a f f e c t i n g  
the  chromatography o f  the  PEPC complex. Pfannkock (11) has shown t h a t  these 
n-SEC fac to rs  a re  due t o  the  packing o f  t he  column and i t s  i n te rac t i ons  w i t h  
proteins.  
E f fec ts  o f  i o n i c  s t rength  on K, a t  a constant pH 

o ther  p ro te ins  on HPSEC have been studied. 
r e s u l t  when mobi le phases o f  low i o n i c  s t rength  cause e l e c t r o s t a t i c  
i n te rac t i ons  t o  occur between the  charged SEC packing ma te r ia l s  and p ro te ins  

(11). Mobi le phases o f  h igher  i o n i c  s t rengths  can induce a solvophobic 
e f f e c t  between the  mobile phase and some hydrophobic proteins.  These l a t t e r  
cond i t ions  cause the p r o t e i n  t o  adsorb t o  the  surface o f  the  SEC support. 

6.8 upon e l u t i o n  o f  several proteins,  i nc lud ing  the  dimer o f  PEPC. can be 
seen i n  Figure 2. 
i nd ica ted  concentrat ions o f  (NH4)2S04. 
as a func t i on  o f  i o n i c  s t rength  where KT = Ks + Ki. 
f a c t o r  ( r e t e n t i o n  fac to r ) ,  K, i s  s i z e  exc lus ion  f a c t o r  and Ki i s  a capac i ty  
f a c t o r  due t o  surface i n t e r a c t i o n  (hydrophobic i ty,  charge and b i o a f f i n i t y ) .  
The values were ca lcu la ted  by using the  fo l low ing  expression: 

I t became very apparent t o  us tha t ,  w i t h  vary ing  i o n i c  s t rength  o f  the 

Factors causing the  non-ideal s i z e  exc lus ion  (n-SEC) o f  maize PEPC and 
Non-ideal s i z e  exc lus ion  may 

The e f f e c t  o f  inc reas ing  the  i o n i c  s t reng th  o f  t he  mobi le phase a t  pH 

This p a r t i c u l a r  data was obtained us ing  10 mM MOPS and the  
The changes i n  KT values a re  p l o t t e d  

KT i s  t o t a l  capac i ty  

The term Ve, Vo and Vi represent so lu te  e l u t i o n  volume, i n t e r s t i t i a l  volume 
o f  the column and the  pore volume, respec t ive ly .  
b lue  dextran o r  whole c a l f  thymus DNA. Azide o r  AOP were used t o  determine 

Vi (11). 
a f fec ted  by changes i n  i o n i c  s t rength  a t  a constant pH. 
so pronounced as t o  overcome s i ze  exclusion. 
amylase (220 kO), a lcohol  dehydrogenase (150 kD) and the BSA dimer (132 kD) 

e l u t e  a t  the same apparent KT. 

The V, was determined w i t h  

The r e s u l t s  i n  Figure 2A show t h a t  KT may be exper imental ly 

A t  low (NH4),S04 (10 mM) 
These e f f e c t s  can be 

This i s  a l so  seen a t  100 mM (NH4)2S04 w i t h  
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Figure 2. The ef fect  o f  inc reas ing  the i o n i c  s t rength  of t he  mobi le phase a t  

pH 6.8 upon re ten t i on  values (KT) o f  several p ro te ins  (A) and the  PEPC 

tetramer (B). CA, carbonic anhydrase, TG, thyroglobin.  Other abbreviat ions 

a re  the  same as i nd i ca ted  i n  the  legend o f  Figure 1. 

a p o f e r r i t i n  (440 kD) and amylase (220 kD), where bo th  e l u t e  before 
thyrog lob in  (660 kD). Also a t  100 mM (NH4)2S04, BSA (132 kD)  e lu tes  p r i o r  t o  
alcohol  dehydrogenase (150 kD1. 
tetramer i s  a lso  a f fec ted  by changes i n  i o n i c  strength.  Between 10 mM and 50 
mM (NH4)$04 the tetramer’s KT value increases from 0.13 t o  0.30 (Fig.  28). 
I f  t h i s  was taken as the  apparent KT value when compared t o  Fig. 2A, i t  would 
r e f l e c t  a change i n  apparent MW from 660 kD t o  66 kD. 
increasing (NH4)$04, the PEPC dimer became ind i s t i ngu ishab le  from the  
tetramer and the  monomer’s apparent KT increased, g i v i n g  unacceptable values. 
E f fec ts  o f  vary ing  pH on K, a t  constant i o n i c  s t rength  

Further manipulat ion o f  t he  apparent PEPC KT values i s  poss ib le  by 
changing the  pH o f  the  mobi le phase a t  a constant i o n i c  strength.  

Figure 28 ind ica tes  the  e l u t i o n  o f  PEPC 

I n  a d d i t i o n  w i t h  

This i s  
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Figure 3 .  

o f  the PEPC tetramer (T),  dimer (D) and monomer (M) forms a t  pH 6.8 (A),  pH 

5.2 ( 8 )  and pH 3.0 (C) .  

The e f f e c t  o f  changing mobi le phase i o n i c  s t rength  on the  e l u t i o n  

thought t o  r e f l e c t  the  e l e c t r o s t a t i c  charges o f  the  p ro te ins  according t o  
t h e i r  i s o e l e c t r i c  p o i n t  ( P I )  values (12). 
varying concentrat ions o f  (NH,)2S04 on maize PEPC e l u t i o n  times a t  th ree  pHs. 
These th ree  pH values were chosen because the  PI o f  PEPC from maize i s  5.2 
(Ku, unpublished r e s u l t s ) .  Therefore, a t  pH 6.8 the  p r o t e i n  w i l l  have a ne t  

negat ive charge, a t  pH 5.2 i t  should be e l e c t r i c a l l y  neut ra l ,  and a t  pH 3.0, 
ca r ry  a ne t  p o s i t i v e  charge. 
values o f  the tetramer r e f l e c t  maximum exc lus ion  due t o  the  ne t  increase i n  
negat ive charges on the  p r o t e i n  and repu ls ion  o f  t h e  negat ive ly  charged 
column matr ix.  
seen t o  e l u t e  a t  a range beyond the  exc lus ion  volume o f  the  column. 

ind ica tes  strong sorp t ion  o f  the  sub-unit. 
l i t t l e  change was no t iced  between the  KT values o f  t he  tetramer and dimer. 
Both forms were p a r a l l e l  i n  decreasing KT values w i t h  inc reas ing  i o n i c  
strength.  This ind ica tes  some repu ls i ve  e f f e c t .  The monomer form s t i l l  
showed re ten t i on  by the  column as i o n i c  s t rength  increased. A t  t he  lowest pH 

used (pH 3.0). the  monomer remained a t  a constant kD dur ing  changes i n  i o n i c  
strength; wh i l e  the  te t ramer ic  and d imer ic  forms were no t  d i s t i n c t  and showed 

Figure 3 shows the  e f f e c t s  of 

A t  a low i o n i c  s t rength  and pH 6.8, the  KT 

A t  h igher  i o n i c  s t rength  and pH 6.8, the  monomer form was 
This 

A t  pH 5.2 and vary ing  (NH4)2S04, 
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868 WALKER, KU, AND EDWARDS 

some exclusion. These r e s u l t s  p a r a l l e l  those o f  Kopaceiwicz and Regnier (12) 
using ovalbumin and whale inyoglobin. 

While n-SEC i s  o f ten  looked upon as a drawback, i t  does a l l ow  f o r  
c e r t a i n  i ns igh ts  i n t o  the  na ture  and separat ion o f  t he  PEPC complex. 
i t  i s  no t  possible t o  say from these r e s u l t s  what the  PI value o f  t he  100 kD 

sub-uni t  i s ,  these experiments suggest t h a t  i t  i s  near pH 3.0, o r  more ac id i c  
than the tetramer and dimer. 
above, the small sub-uni t  may go from a f i b rous  t o  a g lobu la r  conformation, 
thus decreasing i t s  Stokes radius o r  ax le  r a t i o .  This. i n  combination w i t h  
some sorp t ion  mechanism, may exp la in  the l a rge  increase i n  kD. 
case, the 100 kD sub-uni t  must be very hydrophobic w i t h  a dependence on pH 
and thus, i t s  e l u t i o n  i s  very pH sens i t i ve .  
acceptable separation can be obtained between the  d i f f e r e n t  conformational 
s ta tes  o f  PEPC a t  i o n i c  strengths o f  (NH4)2S04 o f  l e s s  than 20 mM. 
Inves t iga t ions  showed, however, t h a t  the  recovery o f  the  p r o t e i n  from the  
column was r e l a t i v e l y  poor, ranging from 50-60%. 
Effects o f  Solvents on Pro te in  Resolut ion and Recovery 

reso lu t i on  o f  ce r ta in  p r o t e i n  separations on TSK-type columns. It a l s o  o f t e n  
increases the  recovery o f  t he  p r o t e i n  from the  column. O f  i n t e r e s t  t o  us was 
the  work reported by R i v i e r  (13) and more recent ly ,  Swergold and Rubin (14). 
I n  both o f  these studies,  var ious concentrat ions o f  a c e t o n i t r i l e  i n  aqueous 
mobi le phases o f  low i o n i c  s t rength  were used. Th is  was shown t o  overcome 
hydrophobic i n te rac t i ons  between the  pro te ins ,  as w e l l  as protein/column 
in te rac t i ons .  

p r o t e i n  standards, there was a pronounced l o s s  o f  l i n e a r i t y  a t  MW l a r g e r  than 
200 kD and lower than 100 kD (data no t  shown). The a d d i t i o n  o f  15% 
a c e t o n i t r i l e  t o  the  mobile phase resu l ted  i n  an extension o f  t he  l i n e a r  
p o r t i o n  o f  the  TSK 400 column from 30 kD (carbonic anhydrase) t o  660 kD 
( thy rog lob in ) .  Higher concentrat ions of t he  so lvent  (25%) resu l ted  i n  a l o s s  
o f  reso lu t i on  between the  p r o t e i n  peaks. Th is  i s  i n  con t ras t  t o  the  r e s u l t s  
of Swergold and Rubin (14), who showed optimum a c e t o n i t r i l e  concentrat ions t o  
be 35-45% i n  0.1% t r i f l u o r o a c e t i c  acid. I n  add i t ion ,  i t  was found t h a t  even 
a t  15% a c e t o n i t r i l e  there was a 30-40% i n h i b i t i o n  o f  PEP carboxylase a c t i v i t y  
a f t e r  60 minutes. Fortunately,  g l yce ro l  was found t o  p r o t e c t  aga ins t  
a c e t o n i t r i l e  i n a c t i v a t i o n  o f  the  enzyme. The a d d i t i o n  o f  2.5% g lyce ro l  t o  
the  mobile phase resu l ted  i n  no i n h i b i t i o n  a f t e r  120 minutes and had no 
e f f e c t  on p ro te in  separation. 

While 

I t may a lso  be suggested t h a t  a t  pH 6.8 and 

Whatever the 

From Fig. 3 i t  can be seen t h a t  

The add i t i on  o f  non-ionic solvents t o  the  mobi le phase can enhance the  

Using a mobile phase of 10 mM phosphate bu f fe r  (pH 6.8) w i t h  d i f f e r e n t  

Subsequent experiments have shown t h a t  the  
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------7 

8 0 10 11 12 13 

Ve (mi) 

Figure 4. 

g l yce ro l  (2.5%) i n  phosphate mobile phase (10 d), pH 6.8. 

p l o t t e d  versus the  e l u t i o n  volume (Ye). 

F igure 1. 0,Phosphate bu f fe r ;  @,phosphate b u f f e r  and 50 mM (NH4)*SO4. 

Ca l ib ra t i on  p l o t  o f  TSK 400 column us ing  a c e t o n i t r i l e  (15%) and 

Log o f  MW i s  

Pro te in  standards a re  t h e  same as i n  

same advantages o f  the  a c e t o n i t r i l e / g l y c e r o l  mobi le phase system can be 
r e a l i z e d  i f  these proport ions are  added t o  the  p r o t e i n  sample and then 

in jec ted  i n t o  the column using only the  10 mfl phosphate b u f f e r  (pH 6.8) f o r  
the mobile phase (Figure 4). 
combination o f  g l y c e r o l / a c e t o n i t r i l e  proves e f f e c t i v e  against  i o n i c  strengths 
up t o  50 mM (NH4)*S04. 

e i t h e r  the  phosphate mobi le phase o r  t o  the  p ro te in  suspension resu l ted  i n  
loss  o f  reso lu t ion .  
chromatography, s ince the  add i t i on  o f  g l yce ro l  t o  the  p r o t e i n  i s o l a t i o n  and 

This same f i g u r e  a lso  shows t h a t  t he  

The add i t i on  o f  g l yce ro l  w i thout  15% a c e t o n i t r i l e  t o  

This l a t t e r  p o i n t  i s  important i n  the  case o f  PEPC 
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870 WALKER, KU, AND EDWARDS 

suspension media has been shown t o  p ro tec t  a c t i v i t y  as we l l  as t o  e l im ina te  
the need f o r  DTT, there fore  making i t  poss ib le  t o  observe l i g h t  dependent 
e f f e c t s  (15). The r o l e  o f  g l yce ro l  i s  unclear i n  t h i s  respect. Without 
a c e t o n i t r i l e  present, t he  l o s s  o f  reso lu t i on  my be explained as a r e s u l t  o f  
increased m i  crov i scos i ty  e f f e c t s  and hydrophob f c i n te rac t i ons  between the  
var ious p ro te ins  because o f  the  order ing  e f f e c t  g l yce ro l  has on water (16, 
17). A c e t o n i t r i l e  may overcome both o f  these fac to rs  t o  the ex ten t  t h a t  they 
do no t  i n t e r f e r e  w i t h  the  p r o t e i n  chromatography. Fur ther  experiments a re  
needed t o  see i f  g l yce ro l  has a s i m i l a r  e f f e c t  w i t h  HPSEC o f  o ther  complex 
hydrophobic enzymes. 
PEPC Conformational Changes and Enzyme A c t i v i t y  

Figure 5 i s  a se r ies  o f  chromatograms o f  PEPC under var ious s ta tes  o f  
reduct ion by DTT. The f i r s t  t race  (A)  i s  o f  PEPC i n  the  f u l l y  reduced s ta te  
(5 lrEl DTT a t  pH 6.8). The sample was then t rea ted  w i t h  10 mM o f  the  t h i o l  
oxidant diamide (18) f o r  60 minutes. This resu l ted  i n  the decomposition o f  
the  400 kD form o f  the  enzyme t o  the  dimeric and monomeric forms ( t r a c e  B). 
A f t e r  2 hours o f  t h i s  treatment, more monomer was present and a subs tan t ia l  
decrease i n  dimer was seen ( t race  C). This treatment, however, produced no 
f u r t h e r  increase i n  the  monomer even a f t e r  4 hours (data no t  shown). 
Increases i n  the monomer cou ld  be seen i f  the  sample was heated a t  6OoC f o r  
10 minutes ( t race  D). It has been reported (6 )  t h a t  crude ex t rac ts  of PEPC 
from maize leaves show considerably b e t t e r  s t a b i l i t y  a t  pH 6.8 than a t  the  
enzyme's pH optimum f o r  c a t a l y s i s  (pH 8.4). A s i m i l a r  experiment was 
performed, as shown i n  Figure 5. bu t  a t  a preincubat ion pH o f  8.5 w i t h  the  
same concentrat ions o f  t he  enzyme (Fig. 6). It can be seen t h a t  t h e  
te t ramer ic  form has completely disappeared a t  the  end o f  60 minutes, as we l l  
as approximately 60% o f  t h e  200 kD form ( t race  C). The monomer form shows a 
corresponding increase. Again, however, these r a t i o s  d i d  n o t  appear t o  
change s i g n i f i c a n t l y  a f t e r  an add i t i ona l  hour o f  t reatment w i t h  diamide. It 

was on ly  w i t h  fu r the r  denaturat ion by heat ing  t h a t  an add i t i ona l  decrease i n  
the  200 kD peak was observed ( t race  D). These data (Figures 5 and 6 )  suggest 
t h a t  the lower s t a b i l i t y  o f  the dimer o f  PEPC a t  the  h igher  pH r e f l e c t s  
changes t h a t  a l low more rap id  ox ida t i on  o f  the  PEPC cys te ine  as we l l  as 
poss ib ly  a f f e c t i n g  the h i s t i d i n e  groups (16-21). Th is  type o f  i n s t a b i l i t y  
has recent ly  been shown t o  e x i s t  w i t h  the  pH induced un fo ld ing  o f  the  
constant fragment o f  the imnunoglobulin l i g h t - c h a i n  due t o  reduc t ion  o f  
d i s u l f i d e  bonds chain observed using c i r c u l a r  dichor ism (22). 

DISCUSSION 
The use o f  s i z e  exc lus ion  HPLC has been shown t o  be an exce l l en t  means 

of examining the s ta te  o f  assoc la t ion /d issoc ia t ion  of PEPC. Extraneous 
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!I 
0.06 O.D. 

I\ 400kD 

Figure 5. Oxidat ion o f  PEPC su l fhyd ry l  groups by 10 nt4 diamide a t  pH 6.8. 

Chromatograms were run  a f t e r  p re inubat ion  ( A )  60 min w i t h  5 nt4 DTT, (B)  60 

min w i t h  10 mM diamide, (C) 120 min w i t h  10 mM diamide, and (D) 120 min w i t h  

10 IM diamide fo l lowed by heat lng a t  60°C f o r  10 min. PEPC p r o t e i n  i n  70% 

(NHq)2SOq p r e c i p i t a t e  was resuspended i n  the  mobile phase b u f f e r  plus 2.5% 

g lycero l  and 15% a c e t o n i t r i l e ,  and 20-25 ug p ro te in  was in jec ted  t o  the  

col umn a f t e r  var ious treatments. 
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III)) ; 
a 

b 

C 

d 

n 400kD 

II 200kD 

I \ lOOkD 

Figure 6. 

Chromatograms A-D a re  under the  same cond i t ions  as shown i n  f i g u r e  5. 

Oxidat ion o f  PEPC su l fhyd ry l  groups by 10 rrEl diamide a t  pH 8.5. 

p ro te ins  can be separated and the  PEPC i t s e l f  recyc led  t o  g i v e  h igh  p r o t e i n  
p u r i t y  (90-953 as v e r i f i e d  by SDS ge l  e lec t rophores is )  i n  very sho r t  per iods 
o f  t ime (70-80 minutes). These f r a c t i o n s  show l i t t l e  loss  i n  a c t i v i t y ,  
p r i m a r i l y  because o f  rap id  chromatography. 

t h a t  under c e r t a i n  circumstances (low and h igh  i o n i c  strengths and/or vary ing  
pH) p ro te ins  separate d i f f e r e n t l y .  

A f u r the r ,  and o f ten  neglected, advantage t o  us ing  TSK-type columns i s  

This i s  due t o  charge and hydrophobic 
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i n t e r a c t i o n  w i t h  the column's ma t r i x  which u l t i m a t e l y  a f f e c t  the  p r o t e i n  
e l u t i o n  times. 
care fu l  e x p l o i t a t i o n  o f  these phenomena can a l so  show q u a l i t a t i v e  d i f f e rences  
between d i f f e r e n t  sub-units o f  a complex enzyme/protein. I n  t h i s  same 
context, TSK-type columns have a lso  been used t o  de tec t  d i f f e rences  i n  
conformational changes caused by e longat ion  (23). This l a t t e r  aspect was no t  
a concern t o  us, s ince under the  proper cond i t ions  o f  i o n i c  s t rength  and 
non-aqueous solvents the  PEPC e l u t i o n  p r o f i l e s  d i d  no t  dev ia te  s i g n i f i c a n t l y  
from our  standard p r o t e i n  curve o r  from repor ted  molecular weight values 
obtained by gel e lectrophoresis.  

We have shown t h a t  HPSEC i s  very use fu l  f o r  p u r i f y i n g  PEPC and i t s  
sub-units f o r  add i t iona l  analysis.  A l so ,  u n l i k e  o the r  forms o f  separat ion 
i nvo l v ing  gels,  i t  gives much b e t t e r  reso lu t ion .  
opposed t o  reverse-phase HPLC, avoids use o f  strong denatur ing organic 
solvents. 

e f f e c t s  o f  several i n  v i v o  fac to rs  which may con t ro l  the  s t a t e  o f  
o l igmer iza t ion  of PEPC. 

concerning d i f f e r e n t  molecular forms and enzyme a c t i v i t y .  
HPLC has been used t o  study the  PEPC 100 kD sub-uni t  o f  PEPC from sorghum i n  
conjunct ion w i t h  imnunoprecipi tat ions (24). 
the f i r s t  t o  apply t h i s  type o f  chromatography t o  a p l a n t  enzyme complex and 
t o  examine fac to rs  a f f e c t i n g  i t s  sub-uni ts and t h e i r  degrees o f  s e l f  
polymerizat ion.  

Although t h i s  can lead t o  erroneous i n t e r p r e t a t i o n s  o f  s ize ,  

I n  add i t ion ,  HPSEC, as 

These pre l im inary  r e s u l t s  show the  po ten t i a l  t o  use HPLC t o  i d e n t i f y  the  

I t  a lso  a l lows f o r  important i nves t i ga t i ons  
Size exc lus ion  

However, we be l i eve  ou r  study i s  
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